While dnaK and tig are the essential components for nascent polypeptide folding in E. coli, deletion did not confer synthetic lethality in B. subtilis, suggesting that under normal growth conditions, another system or mechanism with a speciˆc role prevails. Likewise, survival at high temperature suŠered dramatically, resulting from deletion of several sets of heat shock genes, thus during sudden stress various heat shock genes act synergistically to protect the proteins.
The long standing view that nascent polypeptide chains and proteins spontaneously fold to their functional three-dimensional conformation inside the cell was challenged by the alternative proposal that such proteins have to be assisted for proper folding by pre-existing, specialized proteins called molecular chaperones. 1) Under normal conditions, molecular chaperones play an essential role in the folding of nascent chain polypeptides, refolding or degradation of misfolded and aggregated proteins, translocation of proteins across cell membranes, and other housekeeping and stress-related functions. [2] [3] [4] Among prokaryotes the ubiquitous groESL and dnaK operons are by far the most extensively studied class of molecular chaperones for the reason that they comprise the major heat shock response proteins. Apparently, their functions in relation to protein folding have been extensively studied but many other probable functions remain unknown. In Escherichia coli, just like in many other organisms, the essential groEL (hsp60) and groES genes are known to be involved in assisting the folding of a large variety of essential and speciˆc protein substrates. [5] [6] [7] The DnaK chaperone machine, on the other hand, consists of the dnaK (hsp70), dnaJ (hsp40), and nucleotide-exchange factor grpE. Since they act synergistically, they were referred to as a chaperone machine, with DnaK as the major chaperone and GrpE and DnaJ as co-chaperones. [8] [9] In Hsp70-assisted folding reactions, substrates undergo repeated cycles of binding and release 10) involving the hydrophobic segments of an unfolded polypeptide chain in an ATP-dependent manner.
3) The DnaK chaperone system functions mainly in the folding of nascent polypeptides and provide protection against aggregation during heat shock.
It has been reported that the heat shock response in Bacillus subtilis is regulated diŠerently from that of E. coli.
11) The B. subtilis' heat shock genes are grouped into 4 classes, with the GroEL-GroES chaperonin system and DnaK chaperone machine comprising the class I heat shock genes, which are under the negative control of the HrcA repressor protein. 12) Class II heat shock genes, on the other hand, are positively regulated by the alternate sigma factor s B , 13) while the class III genes are under the negative control of the CtsR (class three stress response regulator) repressor, which includes the clpC operon, clpP and clpE. [14] [15] Heat shock genes of unknown mechanism in relation to heat shock response, such as lon, ftsH, htpG, and other unclassiˆed genes are tentatively classiˆed as class IV. 12) For the Gram-positive B. subtilis, there is no known dnaK homologue but a deletion strain with no apparent phenotype change can be constructed, indicating that dnaK is non-essential at least for normal growth. Recently, a study showed that a double mutant involving dnaK52 and tig (trigger factor, TF) conferred synthetic lethality in E. coli under permissive conditions, 16) suggesting that they play a very signiˆcant role in the folding of nascent polypeptide chains. In order to characterize the B. subtilis' DnaK chaperone machine through categorizing its involvement and signiˆcance in protein folding and prevention of aggregation, we constructed a similar mutant and determined whether they confer synthetic lethality in B. subtilis, and our results showed that the strain exhibited normal growth under both normal and high temperatures. This suggests the likelihood that another set of chaperone system or a ribosome- Strains were constructed via homologous recombination of PCR-generated fragments. The primary PCR-generated fragments contain around 600-700 bp of the upstream and downstream sequence of the target gene, both of which overlap either end of the PCR-generated fragment containing the antibiotic gene marker. For the generation of the desired PCR construct, recombinant PCR method 22) was applied, wherein the secondary-stage PCR products were generated using the three-piece primary PCR fragments. The ampliˆed upstream and downstream fragments for each deletion strain are described as follows; DdnaK (upstream, "527-+67 and downstream, +1850-+2543) with respect to dnaK; DdnaK-dnaJ (upstream, same as that of DdnaK and downstream, +1049-+1648 with respect to dnaJ ); DgrpE-dnaK-dnaJ (upstream, "683-"7 with respect to grpE and downstream, same as that of DdnaK-dnaJ ); Dtig (upstream, "669-"50 and downstream, +1310-+1910); and DsigB (upstream, "669-+67 and downstream, +765-+1388). All NBS strains are B. subtilis 168 (trpC2) Cells were grown to mid-exponential phase in LB broth and shifted to 499 C (20 minutes) for heat shock treatment prior to non-permissive temperature exposure (379 Cª499 Cª56, solid lines), while another sets were set aside for non-heat shocked cells (379 Cª569 C, broken lines). At 569 C, cells were exposed for 5, 10 and 15 minutes and then immediately spread-plated on LB plates. (; wild-type, ; Dtig, ; DsigB, $; DdnaK, ; DdnaK-dnaJ, ; DdnaK-dnaJ Dtig, ; DgrpE-dnaK-dnaJ Dtig, ; DdnaK-dnaJ DsigB, ; DgrpE-dnaK-dnaJ DsigB ) associated protein management mechanism exists to assist the folding of nascent chain polypeptides in the absence of dnaK and tig. In addition, when deletion mutants involving other dnaK operon genes in combination with tig (TF) or sigB (s B , RNA polymerase sigma factor), a class II heat shock gene regulator, were constructed, we found out that multiple deletion conferred synthetic lethality only at 539 C but not at 37 and 499 C, as shown in Table 1 . Apparently, this requirement for multiple deletions in B. subtilis to confer synthetic lethality at high temperatures, but not at the permissive growth temperature, as compared to E. coli, constitutes one of the many underlying diŠerences between Gram-positive and Gramnegative bacteria. These further strengthen our presumption that despite there being a limited set of factors involved in nascent chain folding, such as DnaK and TF, an independent chaperone system or ribosome-associated mechanism exists which can carry out the same function.
Protection against denaturation during sudden heat shock response is another known function of the DnaK chaperone system, together with other classes of heat shock genes, such as sigB regulon and ctsR. In order to further understand the heat shock response in the absence of the DnaK chaperone machine, we investigated the survival fraction of the disruption strains under heat shock and non-permissive conditions. It is expected that generally, wildtype cells exhibit improved survival rate when allowed to undergo heat shock prior to exposure to non-permissive temperatures than cells directly subjected to non-permissive conditions. In our experiment, we observed that deletion of dnaK operon genes, or in combination with other molecular chaperones from other class dramatically reduced the survival fraction of B. subtilis under any conditions, as shown in Fig. 1 . The temperature-sensitive strains (based on Table 1 ) manifested a more severe defect in their ability to survive high temperature exposure. Consequently, direct exposure to a non-permissive temperature without heat shock severely aŠected the survival, with the multiple disruption strain manifesting a slightly signiˆcant drop. Apparently, direct exposure to very high temperatures readily rendered lethality to the cells, thus no dramatic diŠerence in survival fraction was observed.
Disruption of the dnaK and other related genes render the B. subtilis cells with severely impaired ability to survive heat shock. Since it is known that several substrate proteins preferentially bind to DnaK or DnaJ, [17] [18] we strongly suggest that during the initial stages of heat shock, chaperone DnaK and its co-chaperone DnaJ independently bind substrates, prior to the coordinated folding process through the DnaK chaperone machine. On the other hand, though GrpE has not been reported to yield substrate-binding activity, there is a possibility that it also possesses some function against protein denaturation. Therefore, each component chaperone of the DnaK chaperone machine contributes in the folding process both as an independent component and as member of the chaperone machine, thus undoubtedly the failure to function of one component constitutes severe damage to the whole process. Furthermore, whereas molecular chaperones carry out their speciˆc functions under normal conditions, cells under stress such as heat shock thus logically favor the synergistic action of various chaperones to complement the need to sustain growth. The heat shock response is a result of cumulative action of the various heat shock response genes, and therefore the mechanism which protect cells from sudden stress is a product of the synergistic action of the chaperones which possess the function to associate native and partially denatured proteins, and protect them against denaturation or aggregation.
In E. coli, the DnaK chaperone system is widely perceived to play essential roles in protein metabolism under both stress-and non-stress conditions, 3) through de novo protein folding together with ribosome-associated trigger factor (TF). 11, [19] [20] [21] The folding and refolding process involving the DnaK chaperone system is a sequential ATP-driven mechanism that is found in many other organisms, if not all. The extent to which DnaK folds a large number of proteins, as well as the absence of an alternative chaperone system that could carry out such functions contribute to how essential the DnaK system is to the cell. As what we have shown in our experiments, the cells' ability to survive non-permissive temperatures was seriously impaired upon disruption, especially in the case of heat-shocked cells, and this implies that the synergistic lack in DnaK system and other related heat shock genes of other class, such as sigB, extremely aŠected the cells ability to provide protection to proteins against denaturation. This may strongly suggest that among the heat shock genes of B. subtilis, cross-talk between classes of the heat shock stimulon exists which have not been totally ruled out. But more importantly, multiple disruptions in the major DnaK chaperone system genes, in combination with tig or sigB, prove to be lethal when cells are exposed to 539 C though they do not render the cells non-viable at physiological growth temperature. In conclusion, when cells are exposed to sudden stress conditions, such as heat shock, the heat shock response genes act synergistically by instantaneously protecting proteins from denaturation. On the other hand, the cells' essential function of nascent chain folding under normal growth conditions, is administered only by a limited set of factors the role of which are very speciˆc, and therefore it is most likely that at least one mechanism other than dnaK and tig exists in B. subtilis.
